The weak equivalence principle (WEP), which is the equivalence of gravitational and inertial mass, is the cornerstone of gravitational theory. At the local scale, WEP has been verified to considerable accuracy by satellite experiments 1 . On the intergalactic distance scale, we could get constraints of violation of WEP by comparing the arrival time of different particles emitted from the same source 2, 3 . Practically, |∆γ|, which denotes the difference of space curvature that produced by unit rest mass of different particles, is used to indicate the deviation from the weak equivalence principle. Nowadays, |∆γ| has been constrained to less than 10 −13 if the two different kinds of particles finally confirmed that were emitted at the same source 4 .
binary neutron star GW170817, which is accompanied with the electromagnetic (EM) counterpart 3, 10 . The constraints on |∆γ| that obtained from GW150914 and GW170817 are 10 −9 and 10 −10 respectively. By now, the most stringent constraint, using this method, have reached to 10 −13 provided relative gamma-ray burst events and neutrino events are correlative 4 .
The above methods took ∆t obs between lower frequency and high frequency GWs or EMs (or time-delay betweet different messengers) as the maximum possible value of time-delay due to the violation of WEP, then obtained up-limit constraints on |∆γ| 3, 10, 11 and did not remove the intrinsic time-delay when these signals emitted (i.e. ∆t e ). Fortunately, we know exactly how the binary black holes inspiral and merge, then know exactly the intrinsic time-delay between the lower and higher frequency GWs in one event. This supplies us an opportunity to remove the intrinsic time-delay and estimate the ∆γ from the GW data, if we have waveform templates with this parameter. The violation of WEP will contribute ∆t gra for GWs with different frequences during the signals propagating through the inter-galaxies, which cause the dephasing from the waveforms predicted by GR. In the present work, we assume such deviation is minimal so that the dephasing of wavefroms at the source could be ignored, and all dephasing of waveforms is introduced during the propagation of gravitational waves(GWs). To get the constraints on ∆γ, we construct a modified gravitational waveform by adding a modification term (see Method) on the IMRPhenomPv2 waveforms [12] [13] [14] , which is also used in LIGO-Virgo's parameter estimation 15 .
Then we use these waveforms to estimate parameters of GW events in GWTC-1 by a Bayesian inference software named Bilby 16 . We finally get the posteriors of ∆γ as follows.
Results
The posterior distribution of ∆γ and Shapiro time delay t gra for GW events of BBH in GWTC-1 (90% confirmation level) are shown in Figure. The prior and posterior distribution of ∆γ for GW170608 (90% confirmation level) is shown in Figure. 3. In top panel of Figure. 3, logarithmic prior is assumed on the prior distribution of ∆γ.
In bottom panel of Figure. 3, a modified logarithmic prior (see Method), which could cover both the negative and non-negative value, is assumed on the prior distribution of ∆γ. Method If WEP is violated, GWs with different frequencies may experience different Shapiro time delay 6 . To give a constraint on the violation on WEP, we assume all the uncertainty of arrival time of GW is because of the violation of WEP, which could be described by the difference of the Shapiro time delay of the two particles ∆t gra . For the same source, considering GWs emitted at t e and t e with different frequency, which will be received at corresponding arrival times t a and t a .
If there the difference of emitting time (∆t e = t e − t e ) is so little that the cosmological inflation effect could be ignored, then the delay of arrival times of the two GWs (∆t a = t a − t a ) is where z is the cosmological redshift, and ∆t gra would be 2
where ∆γ (= γ − γ ) may be negative or non-negative, r o and r o are the locations of observation and the source of GWs, U (r) denotes the gravitational potential. For simplicity, in the present work we only consider the gravitational potential caused by Milky Way, and ∆t gra would be 3
where the Milky Way mass M MW ≈ 6 × 10 11 M , d denotes the distance from the source to the Milky Way center, b represents the impact parameter of the GW paths relative to the center of Milky Way, and the distance from the Sun to the center of Milky Way r G ≈ 8 kpc, s n = +1
denotes the source is located along the direction of the Milky Way center and s n = −1 denotes the source is located along the direction that pointing away from the Milky Way center. The positions of sources usually use celestial coordinates(right ascension β and declination δ), therefore we use a transform formula 11 to convert celestial coordinate to b.
The difference of the Shapiro time delay of the two GWs ∆t gra could cause the dephsing of the gravitational waveforms. A modified gravitational waveform in time domain could be described by h(t). The fourier transform of h(t), i.e. our modified waveforms in frequency domain
whereÃ(f ) denotes the complex amplitude, Ψ GR (f ) denotes the complex phase that predicted by GR, and δΨ(f ) is the modification term that produced by the deviation of WEP. In this work, inspired by gravitational waveforms with a time-delay-based dephasing that caused by modified dispersion relations 17, 18 and Eqn. 3, we finally work out the modification term
where ∆f = f − f for a GW event and we have the assumption that ∆γ/∆f is a constant to a event, which controls the violation of WEP. In this work, we set the highest freqeuncy f = 150 Hz
and lowest frequency f = 35 Hz. Then we use the waveform model Eqn. 4 to estimate parameters of GW events in GWTC-1.
In this work, we use a Bayesian parameter estimation software named Bilby 16 to estimate the parameters with the above gravitational waveform templates. In Bayesian parameter estimation, the prior distribution of different parameters of GW source models are needed to provided firstly.
For parameters except ∆γ, we use Bilby's default parameter priors for BBHs 16 . For ∆γ, two kind of prior distribution are used. One is the logarithmic prior, by which we could estimate the magnitude of ∆γ. However, the logarithmic priors of ∆γ could not take the value zero and are fixed to be positive or negative. Therefore, we introduce a modified logarithmic prior that could cover both the negative and non-negative value. The modified logarithmic prior could be described by
where α is an auxiliary parameter. If α obey uniform distribution, then ∆γ would obey this modified logarithmic prior distribution and cover both the negative and non-negative value.
Discussion Since the first direct detection of GW 19 , LIGO and Virgo collaboration has checked the consistency of several gravitation wave signals 20, 21 with the predictions of general relativity.
By now, they give some constrains on modifications to the propagation of gravitational waves due to a modified dispersion relation, and they have not found any obvious inconsistency of the data with the predictions of GR 21 . However, the violation of WEP was still not tested with GW data analysis.
On the cosmology scale, by comparing the arrival time of GWs at different frequency 3, 10 or with Gamma-ray burst in GW170817, the derivation of WEP ∆γ has been constrained not larger than ∼ 10 −9 . In these tests the observed time delay ∆t obs for two signals from the same source are considered to give a constraint on ∆γ. The delay of the arrival times of two signals is completely attributed to the violation of WEP. This method could be improved by removing the intrinsic timedelay if the physical mechanism of the astrophysical events is known. Such as GWs of the compact binary mergers.
In the present work, we study the intergalactic free-fall of GWs for all the GW events in GWTC-1, which is LIGO-Virgo's first GW transient catalog of compact binary mergers. Because the emission-time differences ∆t e of different frequency of GWs of one GW event are known exactly, any violation of WEP will contribute to the arrival time delay, which could cause the dephasing of waveforms that could be extracted in GW data. By considering the Shapiro time delay of the Milky Way's gravitational field, we construct a waveform template with ∆γ. With this template, we analyse the GW data of GWTC-1, and constrain the |∆γ| 10 −16 at 90% confidence.
